Rationale Global tobacco-related mortality dwarfs that of all other drugs. Nicotine is believed to be the primary agent responsible for tobacco use and addiction. However, nicotine is a relatively weak and inconsistent reinforcer in nonhumans and nicotine reinforcement has not been demonstrated in never-smokers. Objectives This study investigated the discriminative, subjective, and reinforcing effects of nicotine in never-smokers. Methods Eighteen never-smokers (<50 lifetime nicotine exposures) participated in a double-blind study. During a drug discrimination phase, volunteers ingested oral nicotine and placebo capsules (quasi-random order) at least 2 h apart and rated subjective effects repeatedly for 2 h after ingestion in daily sessions. Blocks of 10 sessions were continued until significant discrimination was achieved (p≤0.05, binomial test; ≥8 of 10). Following discrimination, nicotine choice was tested by having volunteers choose which capsule set to ingest on each daily session. Successive blocks of 10 sessions were conducted until choice for nicotine or placebo met significance within each volunteer (≥8 of 10 sessions).
Introduction
Tobacco is one of the most widely used mood-altering drugs in the world. It is generally believed that nicotine is the principal constituent of tobacco that functions as a behavioral reinforcer and leads to tobacco use and addiction (Benowitz 1996; Stolerman and Shoaib 1991) . Despite the widespread use of nicotine, both human and nonhuman animal studies have shown inconsistent or less robust reinforcing effects of nicotine relative to other drugs of abuse (Griffiths et al. 1979; Henningfield and Goldberg 1983; Goodwin et al. 2015) . Some researchers have expressed doubts that regular smoking and tobacco use are evidence of addiction to nicotine per se 2007; Robinson and Pritchard 1992) . These reservations arise from a number of observations including the difficulty or inconsistency of establishing nicotine self-administration in laboratory animals (Dar and Frenk 2002; Griffiths et al. 1979; Le Foll and Goldberg 2009; Koffarnus and Winger 2015; Goodwin et al. 2015) , the relatively limited success of nicotine replacement therapies for smoking cessation (Etter and Stapleton 2006; Hughes et al. 2003; McClure and Swan 2006) , the lack of consistent mood-elevating or Beuphoric^effects of nicotine Hughes et al. 2000; Kalman and Smith 2005) , and the observation that denicotinized cigarettes are able to reduce cigarette craving and withdrawal Shahan et al. 1999) . Although the reinforcing effects of nicotine in nicotine users have been demonstrated (e.g., Harvey et al. 2004; Le Foll and Goldberg 2009; Perkins 2004) , these effects appear relatively inconsistent. To our knowledge, nicotine reinforcement has never been unequivocally demonstrated in humans without histories of nicotine use (e.g., tobacco users; but see Perkins et al. 2001) . In fact, in nicotine non-users, nicotine delivery via gum or nasal spray has sometimes been shown to be punishing in nicotine versus placebo choice procedures (Hughes et al. 2000; Perkins et al. 1997) . Collectively, these observations underscore our limited understanding of the conditions under which nicotine can function as a reinforcer. This study was undertaken to attempt to reconcile the widespread use of nicotine with its apparent lack of reinforcing effects in volunteers with neither current nor significant past use of nicotine.
The discriminative and reinforcing effects of drugs are often considered to be separate yet overlapping domains of drug action that contribute to the onset and maintenance of nicotine dependence (Perkins 1999a; 1999b) . The present study investigated the discriminative and reinforcing effects of oral nicotine in healthy volunteers who did not use nicotine. The oral route (via capsules) was chosen for several reasons: the double-blind design of the study could be maintained, precise nicotine doses could be administered, and oral administration minimizes tissue irritation in contrast to delivery via nasal sprays or by inhalation. The study used a nicotine versus placebo drug discrimination procedure to establish discriminative control by a low threshold dose of nicotine. Following acquisition of nicotine discrimination, a choice procedure was implemented in which volunteers chose to self-administer either nicotine or placebo. This study was designed to explore whether low nicotine doses that have discriminative stimulus effects also have reinforcing effects in volunteers with neither current nor significant past use of nicotine. We hypothesized that volunteers who rated subjectively positive effects following nicotine administration would be more likely to choose to self-administer nicotine (i.e., show reinforcing effects of nicotine).
Methods Participants
Eighteen healthy volunteers (3 men) who ranged in age from 23 to 47 years old completed both the discrimination phase and choice phase of the study. Volunteers had less than 50 lifetime exposures to nicotine from any route of administration. Previous research and the Centers for Disease Control and Prevention have defined Bnever-smoker^as those who report smoking zero or less than 100 cigarettes in their lifetime (Hughes 1996; Schoenborn and Adams 2010) . The present study used the smoking status designation of Bnever-smoker,b
ut employed a more rigorous definition of less than 50 lifetime exposures to nicotine by any route of administration. Volunteers underwent medical screening, including assessment of medical history, drug use history, and mood and personality measures. All 18 volunteers had at least some college education (with 11 holding advanced degrees) and all held regular full-time jobs at the Johns Hopkins Bayview Medical Center. No volunteer reported psychoactive drug use (other than alcohol or caffeine) in the past 30 days or past or current drug dependence (excluding caffeine). Drug-free status was confirmed with a urinalysis for common drugs of abuse (EMIT, Syva Co.). Pregnancy and significant medical or psychiatric illness (e.g., insulindependent diabetes, schizophrenia) were exclusionary. The Johns Hopkins University Institutional Review Board approved the study and all volunteers provided written informed consent.
To minimize the confounding effects of expectancy bias, the instructions to volunteers and the consent form obscured that the purpose of the study was to test the discriminative and reinforcing effects of nicotine versus placebo. Rather, volunteers were informed that they would receive two sets of capsules daily and the compounds that they could potentially receive were as follows: inactive placebo, ginseng, ginkgo biloba, guarana, chamomile, peppermint, kava, chlorogenic acids, aspartame, diterpenes, caffeine, rhodiola rosea, absinthin, nicotine, poppy extracts, valerian, tannin, sugar, yerba mate, and theobromine. Volunteers were told they would receive two of the listed compounds. Volunteers were paid for their participation, which partly depended on their performance during drug discrimination session days (described below).
General procedures
This protocol included three phases: (1) drug discrimination acquisition and dose determination phase, (2) drug discrimination phase, and (3) choice phase. Volunteers were not told how their performance in the discrimination or choice phases would affect their duration of participation. Volunteers reported to the laboratory on weekdays between 8:00 AM and 5:00 PM.
Questionnaires In all phases, on the morning of each session day, volunteers were given a subjective effects questionnaire packet to be completed that day. For the subjective effects questionnaire, volunteers first rated Bthe overall strength of the drug effect you experienced from this set of capsulesû sing a five-point scale ranging from: Bno drug effect at allt o Bvery strong drug effect.^For the next questionnaire item, volunteers rated drug liking using a nine-point scale ranging from Bdislike very much^(−4), Bneutral, or no effect^(0) to Blike very much^(+4). Both liking and disliking scores were derived from this scale. For ratings of liking, ratings were assigned a score of 0 if the volunteer indicated disliking. For ratings of disliking, ratings were assigned a score of 0 if the volunteer rated liking, and negative scores were converted to positive scores. Volunteers rated 20 additional subjective effects items on a five-point scale ranging from Bnot at all^(0) to Bextremely^(4). The items are shown in the left column of Table 1 . Each of these items was rated immediately before (time B0^), and at 15, 30, 45, 60, 75, 90 , and 120 min after swallowing two identically appearing capsules. At 120 min, volunteers provided a brief written description of the subjective effects of the capsules. There were two additional questionnaires. On drug discrimination session days, volunteers guessed the identity of the two sets of capsules (using the letter codes assigned for that volunteer, see below), provided a written description of why they made that guess, and rated their confidence level in their guess on a 4-point scale ranging from Bnot at all^(0) to Bvery much( 3). At the completion of the choice block (described below) for a dose of nicotine, volunteers completed the End of Choice questionnaire in which they rated the relative importance (Bnot important,^Ba little important,^Bmoderately important,^or Bvery important^) of several subjective dimensions in differentiating between the two capsule sets. The subjective dimensions were the same as shown in the left column of Table 1 .
Phase 1 During the drug discrimination acquisition and dose determination phase, volunteers acquired a placebo versus nicotine discrimination. Volunteers swallowed two pairs of capsules (labeled BSet 1^and BSet 2^) each day and answered the subjective effects questionnaire after each capsule set. All capsules were identical in appearance. One capsule set was always placebo and one capsule set was always nicotine. To maintain double-blind procedures throughout the study, placebo and nicotine were assigned a random letter for each volunteer (e.g., Drug X or Drug Y). On session day 1 of the study, volunteers reported to the laboratory and completed the initial time point (time B0^) on the subjective effects questionnaire. Volunteers were then administered the first capsule set and were told the letter corresponding to that capsule set. They were instructed to attend to the subjective effects and to answer the questionnaire items at the specified time points. Volunteers were given a digital timer with preset alarms to prompt completion of the questionnaire. Volunteers left the laboratory to return to their usual daily activities (e.g., work). After at least 2 h, volunteers returned to the laboratory. The subjective effects questionnaire for the first capsule set was returned and volunteers completed the initial time point (time 0) on the second subjective effects questionnaire (i.e., the questionnaire corresponding to the second capsule set).
Volunteers were administered the second capsule set and told the letter that corresponded to that capsule set. Volunteers were again instructed to pay attention to the subjective effects of that capsule set and to answer each item at the specified time point. Volunteers left the laboratory and completed the questionnaire while at work. The sequence of initial exposure to placebo and nicotine was randomized across volunteers.
On session day 2 and subsequent discrimination session days including phase 2, the above routine was followed except that the volunteers were not told the letter corresponding to each capsule set. Instead, capsule sets were labeled Set 1 and Set 2. The order of exposure to placebo and nicotine was quasi-random across session days, and the subjective effects questionnaire was completed after each set of capsules. When the last time point of the second subjective effects questionnaire was completed, volunteers called the laboratory by telephone to verbally guess which letter corresponded to which capsule set. Also, they rated their confidence in the accuracy of their guess (described previously) and were asked to verbally report what effects they noticed after taking each capsule set. The guess and reported effects were recorded by research staff blinded to the drug and capsule conditions. After the guess was entered and recorded, the research staff member opened a sealed envelope containing the correct letter codes for each capsule set and told the volunteer whether his/her answer was correct or incorrect.
All volunteers began the protocol at a dose of 1.5 mg/70 kg nicotine. Two to three discrimination session days were conducted at this dose. If the volunteer reported no discernible effects of either the nicotine or placebo capsules, or reported effects but were not confident in their guesses, the dose was increased by 0.5 mg/70 kg. This procedure for incrementally increasing the nicotine dose was repeated until volunteers reported effects with confidence and correctly identified the capsule sets. Each time the dose of nicotine was increased, volunteers were instructed that either the dose of one compound would increase or the dose of the other compound would decrease to facilitate discrimination between the capsule sets. BDay 1^procedures, in which the capsule set letters were revealed to the volunteer at the time of consumption, were not repeated.
Phase 2 During discrimination testing, session days at a given dose of nicotine were repeated in blocks of 10 until volunteers could reliably discriminate between placebo and nicotine for ≥8 out of 10 session days within the block (i.e., p≤0.05 according to the binomial probability distribution). If a volunteer failed to discriminate at a dose associated with effects (or had no discernible effects or no confidence in their guess), the dose was increased by 0.5 mg/70 kg and a new block of 10 session days was begun.
Phase 3 The choice phase of the protocol followed the discrimination phase. During a daily choice session, the volunteer reported to the laboratory and was asked to choose which one of the two letter-coded drug capsules they wanted to take that day (e.g., drug X). In addition to making a choice between capsule sets, the volunteer was asked to write an explanation for why he/she chose the capsule set. The choice and reason for making that choice were recorded and the volunteer was administered the pair of capsules corresponding to the letter code. Volunteers then completed a subjective effects questionnaire packet as described above. Volunteers completed daily choice sessions in blocks of 10 sessions during the choice phase. Blocks of 10 daily choice sessions were repeated until volunteers significantly chose one letter-coded pair of capsules over the other for ≥8 out of 10 sessions within the block (i.e., p≤0.05). To ensure that the discrimination was maintained during the choice phase, discrimination session days were interspersed throughout choice sessions (e.g., a discrimination session day was conducted after three to four consecutive choice sessions). If the volunteer incorrectly discriminated between nicotine and placebo twice during the choice phase, volunteers returned to the discrimination phase until they correctly discriminated between the capsules for at least three consecutive discrimination session days. The choice phase was then resumed. At the completion of a choice block (i.e., 10 daily choice sessions and interspersed discrimination session days) with a given dose of nicotine, volunteers completed the End of Choice Questionnaire, as described above. Volunteers who showed a significant choice of nicotine were discontinued from further participation.
Testing lower doses of nicotine Volunteers who showed significant choice of placebo during the choice phase or who did not show a significant choice for either nicotine or placebo restarted phase 2 at a lower dose of nicotine, and subsequently proceeded to phase 3 again. The rationale for testing lower doses of nicotine in participants who did not initially demonstrate significant nicotine choice was based on the knowledge that unpleasant effects of nicotine increase as a function of dose. It was reasoned that the dose of nicotine necessary to initially establish the discrimination might be too high to maintain nicotine choice; after the volunteer had acquired experience discriminating nicotine, it was reasoned, the dose might be able to be lowered while maintaining the discriminative effects. Related to this, previous research showed decreases in some negative subjective effects of nicotine after repeated exposure (Heishman and Henningfield 2000) . Thus, it seemed possible that decreasing the dose of nicotine after acquisition of the discrimination would unmask positive subjective effects of nicotine. In these volunteers, nicotine was decreased by 0.5 mg/70 kg and the drug discrimination conditions were reinstated. Volunteers were assigned new letters for each capsule pair to avoid biases based on their previous experience. The discrimination and choice data presented are from the lowest dose of nicotine each volunteer significantly discriminated.
Compensation
During discrimination, volunteers received $10 per session day for taking the capsules and completing subjective effects questionnaires, and they received an additional $10 per session day for a correct guess. During choice, volunteers received $20 per session day for choosing and taking capsules and for completing the subjective effects questionnaire. In addition, volunteers completing the entire protocol received an additional $2 per session day as a completion bonus.
Drug
Identically appearing nicotine and placebo capsules were prepared in opaque size 0 gelatin capsules. Each administration of nicotine and placebo consisted of two capsules to accommodate the maximum possible dose of nicotine that could be administered in the study. Nicotine capsules were filled with (−) nicotine hydrogen tartrate (Sigma-Aldrich Inc, St. Louis, MO) and lactose. Placebo capsules were filled with lactose. Nicotine doses are expressed as the free base. All volunteers began with a dose of 1.5 mg/70 kg nicotine in phase 1 of discrimination. The dose was increased as necessary in 0.5 mg/70 kg increments to a maximum dose of 4.0 mg/ 70 kg. All capsules were swallowed with water. Initial starting and maximum nicotine doses were chosen based on the bioavailability of oral nicotine, previous research in nicotine nonusers, and the doses available in over-the-counter nicotine replacement therapies.
Statistics
Significant discrimination between nicotine and placebo was defined as 8, 9, or 10 correct discriminations out of a block of 10 discrimination session days (p≤0.05, binomial probability distribution). Significant nicotine choice was defined as choice of nicotine capsules on 8, 9, or 10 of the 10 choice sessions; significant nicotine avoidance was defined as 0, 1, or 2 nicotine choices. For purposes of making decisions within the study, drug discrimination and drug choice were determined based on the first block of 10 session days in which the volunteer reliably discriminated between nicotine and placebo or reliably chose nicotine or placebo. Ratings from the subjective effects questionnaire during drug discrimination were expressed as peak change scores from the pre-capsule time point for each capsule set within each session day. For these data, differences between nicotine and placebo were analyzed within each volunteer using two-tailed paired t tests to determine significance (p≤0.05). Drug discrimination performance and subjective effects data presented in Fig. 1 and Table 1 are from the first block of 10 session days at the lowest dose of nicotine that each volunteer significantly discriminated and any subsequent sessions at that dose of nicotine.
Results

Participant retention
Thirty-five participants signed informed consent. Of these, eight dropped out of the study during the drug discrimination (Phase 1 or Phase 2) due to time commitment problems. Four volunteers were discharged by the investigators due to noncompliance (e.g., failing to come to laboratory sessions). Three volunteers were discharged due to medical problems not related to the study. One volunteer reached the maximum number of sessions approved for this protocol before acquiring the discrimination and was therefore discharged from the study. Nineteen volunteers acquired the nicotine versus placebo discrimination. One of these volunteers, who acquired the discrimination at a nicotine dose of 1.5 mg/70 kg, was dropped from the study due to noncompliance (i.e., failing to report for sessions); this dropout did not appear to be related to specific study procedures or negative side effects from nicotine.
Nicotine discrimination and choice
Eighteen volunteers completed both the discrimination and choice phases of the study. Across participants, the mean (SEM) number of total discrimination sessions at all nicotine doses was 42.2 (5.5) and ranged from 10 to 85. The mean (SEM) number of discrimination sessions at the lowest dose of nicotine discriminated was 12.2 (1.0) and ranged from 10 to 20. The mean (SEM) number of choice sessions at the lowest nicotine dose discriminated was 11.1 (0.7) and ranged from 10 to 20. The total number of discrimination sessions as well as the number of discrimination and choice sessions at the lowest nicotine dose discriminated were not significantly different Table 1 Significant peak effects for subjectively positive and negative ratings during drug discrimination for the nine nicotine choosers and nine nicotine avoiders 
Volunteer Number S-3 S-7 S-8 S-14 S-15 S-24 S-25 S-27 S-34 S-12 S-17 S-19 S-21 S-22 S-23 S-26 S-28 S-32
NicoƟne Choosers NicoƟne Avoiders
Presence of squares or circles in the table indicate a statistically significant difference between nicotine and placebo in the indicated volunteer during drug discrimination sessions at the lowest dose of nicotine discriminated immediately preceding the choice phase. The 22 subjective effects domains were divided a priori into two categories: Bpositive^effects (e.g., Bliking^and Bgood effects^) and Bnegative^effects (e.g., Bdisliking^and Bbad effects^). Filled squares indicate a statistically significant increase in subjectively positive effects or a decrease in subjectively negative effects; such effects would be hypothesized to occur in individuals in whom nicotine would function as a reinforcer. Unfilled circles indicate a decrease in subjectively positive effects or an increase in subjectively negative effects; such effects would be hypothesized to occur in individuals in whom nicotine would be avoided. The distribution of closed squares and open circles shows that subjective effects differences during discrimination corresponded to subsequent choice or avoidance of nicotine during the choice phase. between the nicotine choosers and the nicotine avoiders (twotailed t tests, n=9 in each group). As shown in Table 1 , the lowest nicotine dose that was significantly discriminated (which is also the nicotine dose used in the choice phase) ranged from 1.0 to 4.0 mg/70 kg. Table 1 also shows significant nicotine versus placebo differences on subjective effects ratings for each volunteer during discrimination sessions. Of the 18 volunteers, 9 significantly chose nicotine (≥8 of 10 choices, p≤0.05, binomial probability distribution), and 9 significantly avoided nicotine (≤2 of 10 choices). The mean (±SEM) dose of nicotine that was discriminated was not significantly different between nicotine choosers (2.4 mg/70 kg ± 0.38) and nicotine avoiders (2.7 mg/70 kg±0.30; t test, p>0.05).
Of the 18 volunteers who completed the first choice phase, five (S-3, S-7, S-8, S-24, and S-27) significantly chose nicotine and were discontinued from further participation. Of the remaining 13 (who met criteria for testing lower nicotine doses), 10 showed significant choice of placebo and 3 did not show significant choice of either placebo or nicotine. Of the latter group, all three (S-15, S-25, and S-34) significantly discriminated and chose a lower dose of nicotine when lower doses of nicotine were tested. Of the 10 volunteers who initially chose placebo, only one (S-14) subsequently chose nicotine at the lower dose. The remaining 9 volunteers either continued to choose placebo (n=1, S-17) or failed to discriminate between nicotine and placebo at the lower nicotine dose (S-12, S-19, S-21, S-22, S-23, S-26, S-28, and S-32). Thus, all nine of these volunteer were designated as placebo choosers (i.e., nicotine avoiders).
As shown in Table 1 and described in the table footnote, the distribution of significant positive and negative subjective effects during the drug discrimination phase corresponded to subsequent choice or avoidance of nicotine during the choice phase. For example, the closed squares (which indicate a significant increase in subjectively positive effects or a decrease in subjectively negative effects) would be hypothesized to occur more frequently in nicotine choosers than in nicotine avoiders. In fact, among the 9 nicotine choosers, 8 have one or more closed squares and, across items, there are 36 closed squares total. In contrast, among the nine nicotine avoiders, only five have a closed square and there are eight closed squares total. The mean number of closed squares (±SEM) was significantly higher in choosers (4±1.1) than avoiders (0.8±0.3; t test p≤0.05). Open circles (which indicate a decrease in subjectively positive effects or an increase in subjectively negative effects) show an opposite distribution. The mean number of open circles (±SEM) was significantly lower in the nicotine choosers (1.4±0.6) compared to the nicotine avoiders (6±1.2; t test p≤0.05). Table 2 shows representative verbatim written comments summarizing the most frequently reported reason that each volunteer chose or avoided nicotine during the choice phase. In general, the volunteers who significantly chose nicotine indicated that they did so based on subjectively positive effects following nicotine administration. In contrast, volunteers who significantly avoided nicotine (i.e., chose placebo) indicated that they did so to avoid subjectively negative effects experienced following nicotine administration. S-3 "Nicotine" improves my mood, increases concentration, desire to work, focus, and clear-headedness. S-12 To avoid side effects of "nicotine" like lightheadedness.
S-7
"Nicotine" increases alertness; I was more focused and had high levels of concentration after "nicotine" compared to "placebo." "Nicotine" helped me towards work-related tasks and had pleasant effects.
S-17 Because "placebo" has no effects.
S-8 "Nicotine" improves my mood, concentration, and productivity at work. S-19 "Nicotine" makes me feel lightheaded, so I choose "placebo" to avoid negative effects.
S-14 I like the pleasant effects of "nicotine" -I feel upbeat, social, and positive. S-21 "Nicotine" gives me negative side effects, so I choose "placebo."
S-15 I like the effects of "nicotine." S-22 "Placebo" makes me alert and attentive and doesn't make me sick like "nicotine."
S-24
"Nicotine" makes me feel more alert, focused, and energized. I have some negative effects at the beginning (dizziness and lightheadedness), but the good effects outweigh the bad.
S-23 To avoid side effects of "nicotine": dizziness and upset stomach.
S-25 "Nicotine" produces good alertness and stimulation that I like, and there aren't usually negative effects. S-26 "Nicotine" increases lightheadedness and dizziness that interfere with normal activities.
S-27 "Nicotine" gives me a boost in the afternoon, increases wakefulness, improves energy and concentration. S-28 I choose "placebo" because I do not like the headache and nausea associated with "nicotine."
S-34 "Nicotine" makes me feel content, pleasant and mellow. "Placebo" just makes me tired. S-32 "Placebo" gives me more energy for my job.
Representative verbatim written comments were selected for each volunteer to reflect the most frequently reported reason provided for making his/her choice. Written comments were provided at the time the capsule set was chosen on each choice session. Left and right columns show comments from nicotine choosers (shaded columns) and nicotine avoiders, respectively. In these comments, capsule drug letter codes (e.g., Bdrug A^or Bdrug B^) were replaced by the corresponding compound: Bnicotine^or Bplacebo4
The End of Choice questionnaire administered following the completion of the choice phase of the study provides additional evidence that nicotine produced qualitative differences between choosers and avoiders. Figure 1 shows the number of nicotine choosers and avoiders who rated each subjective effect item as either Bmoderately^or Bvery^impor-tant in differentiating the two capsule conditions. Volunteers who chose to self-administer nicotine tended to rate subjectively positive effects as important for making the discrimination, while those who avoided nicotine tended to rate negative subjective effects as important. More specifically, the figure shows that ratings of liking, alert/attentive, urge to do tasks, increased concentration, good effects, and content/well-being were all endorsed by 3 or more of the nicotine choosers. In contrast, 3 or more volunteers who avoided nicotine endorsed upset stomach/nauseated, lightheaded/dizzy, disliking, foggy/ not clear-headed, and bad effects as important.
Discussion
In the present study, orally administered nicotine functioned as a discriminative stimulus in 19 out of 20 healthy volunteers with less than 50 lifetime exposures to nicotine. Discrimination between nicotine and placebo was acquired and maintained at a range of doses (1.0-4.0 mg/70 kg) with at least 80 % accuracy. Of the 18 volunteers who completed the study, 9 significantly chose to subsequently selfadminister nicotine (nicotine Bchoosers^) while 9 significantly chose placebo (nicotine Bavoiders^). The choosers reported predominately positive subjective effects of nicotine (e.g., significant increases in alert/attentive, good effects, liking), while avoiders tended to report negative effects (e.g., significant increases in dizzy, upset stomach, disliking). Both choosers and avoiders attributed their choice to the qualitative nature of the nicotine effects. Furthermore, in both ratings and written comments summarizing the reasons for their choices, nicotine choosers indicated their choice was based on subjectively positive effects of nicotine administration in contrast to nicotine avoiders who indicated their choices were based on avoiding subjectively negative effects of nicotine administration. The concordance of qualitative subjective reports with choice or avoidance of nicotine, along with the procedure of requiring volunteers to make a minimum of ten repeated choices between nicotine and placebo, suggests that the designation given to volunteers as a chooser or avoider was not based on chance responding. We believe this is the first demonstration that nicotine can function as a reinforcer in humans who are neither current nicotine users nor have a significant past history of nicotine use from any route of administration.
In contrast to prior studies that showed that nicotine did not function as a reinforcer in never-smokers (Perkins et al. 1997; 2001; Hughes et al. 2000) , the present study showed that 50 % of never-smokers demonstrated nicotine choice after acquiring a low-dose nicotine versus placebo discrimination over an average of 42 sessions (range, 10 to 85). In contrast, laboratory studies using similar choice procedures comparing D-amphetamine and placebo in non-drug using participants have shown that D-amphetamine is preferred to placebo in the majority of participants after as few as two exposures each to drug and placebo and in absence of explicit discrimination training (de Wit et al. 1986; 1987; Foltin and Fischman 1991) . Thus, although the present study does demonstrate Fig. 1 Data from the End of Choice questionnaire in which volunteers rated how important each subjective effect dimension was in making the discrimination. The number of volunteers who reported each subjective effect item as being Bmoderately^or Bvery^important in making the discrimination between nicotine and placebo is shown; items not rated as moderately or very important by two or more choosers or avoiders are not shown. Data are presented separately for those who chose nicotine (black bars, Bchoosers^) and those who avoided nicotine (white bars, Bavoiders^) during the choice procedure nicotine reinforcement in never-smokers, oral nicotine appears to have substantially less efficacy as a reinforcer than oral D-amphetamine when tested under reasonably similar laboratory conditions. Although the prevalence of nicotine use disorder (i.e., addiction) is high in the general population, nicotine is an atypical drug of abuse in that its initial subjective effects are often not pleasant and, furthermore, positive subjective effects are not a robust predictor of the development of subsequent addiction (de Wit and Phillips 2012; Haertzen et al. 1983) . In the present study, nicotine choosers reported choosing nicotine because of positive subjective effects while nicotine avoiders reported choosing placebo to avoid negative subjective effects. However, it is interesting to note that five of the nine choosers showed a significant increase in at least one negative subjective effect (Table 1 , open circles for nicotine choosers), while four of the nine avoiders showed a significant increase in at least one of the positive subjective effects (Table 1 , filled squares for nicotine avoiders). These findings underscore the complex role between subjective effects and nicotine reinforcement in never-smokers. Although researchers have described a progression of stages from initial nicotine exposure to nicotine addiction, the empirical evidence for such stagespecific predictors is weak (USDHHS 2010) and the present study does not provide information about the relationship of the initial subjective and reinforcing effects to the possible development of subsequent nicotine use disorder.
Although the sample size was small, there was no compelling evidence that past use of nicotine was a significant determinant of the reinforcing effects of nicotine in this study, as has been suggested by previous studies (Neugenbauer et al. 2014) . The volunteers in this study were current nicotine nonusers with less than 50 lifetime exposures to nicotine. Of the nine who reported any past exposure, six and three were nicotine choosers and avoiders, respectively.
The study was conducted with oral nicotine administration although inhaled nicotine is the most common route of administration. The present study used the oral route of administration to facilitate double-blind administration procedures and to allow for the administration of exact nicotine doses, which is problematic with inhaled delivery. Oral bioavailability of nicotine is 20 to 45 %, likely because of first-pass metabolism (Hukkanen et al. 2005) . Administration of 4 mg of oral nicotine (approximately equivalent to the highest dose administered in the present study) had a C max of 6.4 to 7.5 ng/ml and a T max of 1.3 to 1.5 h (Benowitz et al. 1991; D'Orlando and Fox 2004) . In contrast, the bioavailability of inhaled nicotine from cigarette smoke is 80 to 90 %, with a C max of 15 to 30 ng/ml and a T max of 5 to 8 min (Hukkanen et al. 2005) .
Several limitations of the study should be noted. Female participants were over-represented. Also, how representative the small population of study participants is of the general population of never-smokers is unknown. Although volunteers were instructed to complete questionnaires in response to timer alarms, real time assessment of subjective effects responses using Ecological Momentary Assessment methods would have been preferable (Stone and Shiffman 2002) . A potential concern about the study design is that the procedure of using successive blocks of 10 sessions to establish significant discrimination accuracy or significant choice behavior would have theoretically resulted in significance eventually by chance alone. However, the procedure is very unlikely to account for the present results because significant discrimination and significant choice occurred after a mean of only 12.2 and 11.1 sessions, respectively, in the relevant dose conditions. Therefore, there were too few sessions for significant discrimination or choice to have occurred by chance through this mechanism.
In conducting this study of the potential reinforcing effects of nicotine in volunteers with neither current nicotine use nor significant previous use of nicotine, careful consideration was given to the theoretical risk that, after the study, participants might seek out nicotine and become habitual users. In a discussion of human participant issues in drug abuse research, the College on Problems of Drug Dependence concluded that exposure of drug-naïve individuals to abused drugs in a medically monitored setting is unlikely to create addiction or exacerbate pre-existing risk factors for addiction (College on Problems of Drug Dependence 1995). Furthermore, oral nicotine delivery and other forms non-inhaled nicotine delivery are considered to have a very low abuse potential in neversmokers (Henningfield and Keenan 1993; Houtsmuller et al. 2002; Gerlach et al. 2008 , but see Etter 2007 . In addition, to further reduce the possibility that volunteers would start using nicotine after the study, volunteers were informed that they could receive a wide range of different substances and they were never debriefed about the study objectives or use of nicotine. To the authors' knowledge, no participant engaged in tobacco smoking behavior or use of nicotine-containing products during the study or in the 2 weeks immediately following completion of the study.
Future research would benefit from the assessment of plasma and saliva nicotine levels to determine if rate of onset, peak plasma levels, or other metabolic differences are important determinants of nicotine reinforcement in human nicotine non-users as is suggested by studies in animals (e.g., Pastor et al. 2013; Wing and Shoaib 2013) . Likewise, an examination of the possible role of genetic polymorphisms, age, gender, and ethnicity as determinants of individual differences in the reinforcing effects of nicotine would be of value (e.g., Morel et al. 2014; Schuck et al. 2014) .
Nicotine addiction in the form of cigarette smoking is a leading cause of mortality world-wide (USDHHS 2014; WHO 2013) . Improved understanding of vulnerability to nicotine reinforcement in nicotine-naïve individuals may be vital for understanding the development of tobacco addiction, and improving smoking prevention interventions. The rapidly developing technology and expanding marketing of electronic nicotine delivery devices (King et al. 2014 ), especially to youthful nicotine non-users (McMillen et al. 2014; Vakkalanka et al. 2014) underscores the importance of further research of nicotine reinforcement in nicotine-naïve populations.
